The Na + /glucose cotransporter (SGLT1) is an archetype for the SLC5 family, which is comprised of Na + -coupled transporters for sugars, myo-inositol, choline, and organic anions. Application of the reducing agent dithriothreitol (DTT, 10 mM) to oocytes expressing human SGLT1 affects the protein's presteady-state currents. Integration of these currents at different membrane potentials (V m ) produces a Q-V curve, whose form was shifted by +25 mV due to DTT. The role of the 15 endogenous cysteine residues was investigated by expressing SGLT1 constructs, each bearing a single mutation for an individual cysteine, in Xenopus oocytes, using two-microelectrode voltageclamp electrophysiology and fl uorescent labeling. 12 of the 15 mutants were functional and could be separated into three distinct groups based on the effect of the mutation on the Q-V curve: four mutants did not perturb the transferred charge, six mutants shifted the Q-V curve towards negative potentials, and two mutants (C255A and C511A) produced a shift in the positive direction that was identical to the shift produced by DTT on the wild-type (wt) SGLT1. The double mutant C 255,511 A confi rms that the effects of each single mutant on the Q-V curve were not additive. With respect to wt SGLT1, the apparent affi nities for α-methylglucose (αMG) were increased in a similar manner for the single mutants C255A and C511A, the double mutant C 255,511 A as well as for wt SGLT1 treated with DTT. When exposed to a maleimide-based fl uorescent probe, wt SGLT1 was not signifi cantly labeled but mutants C255A and C511A could be clearly labeled, indicating an accessible cysteine residue. These residues are presumed to be C511 and C255, respectively, as the double mutant C 255,511 A could not be labeled. These results strongly support the hypothesis that C255 and C511 form a disulfi de bridge in human SGLT1 and that this disulfi de bridge is involved in the conformational change of the free carrier.
I N T R O D U C T I O N
The Na + /glucose cotransporter SGLT1, responsible for intestinal absorption and renal reabsorption of glucose, was fi rst postulated by Crane four decades ago (Crane, 1965) . In 1987, the cDNA of a fi rst Na + /glucose cotransporter was cloned from rabbit small intestine (Hediger et al., 1987) , which has enabled detailed characterization using expression in Xenopus oocytes with two-electrode voltage-clamp and cut-open oocyte electrophysiology. Exploration of steady-state and presteadystate kinetics (i.e., phlorizin-sensitive presteady-state currents) led to a simple kinetic model explaining ligand binding and conformational changes but the identifi cation of the amino acids forming the actual binding sites for Na + , glucose, and phlorizin (Pz) is still a matter of some debate (Parent et al., 1992a,b; Panayotova-Heiermann et al., 1994; Chen et al., 1995; Panayotova-Heiermann et al., 1995 ; X.Z. Chen et al., 1996 Wright et al., 1998; Lo and Silverman, 1998a; Wright and Turk, 2004) .
Cysteine residues involved in disulfi de bridges generally play an important role in stabilizing a protein's three dimensional structure. Studies identifying essential cysteine and potential disulfi de bridges in trans-porters have been performed in the past and have led to the identifi cation of some initial three dimensional constraints, which are generally diffi cult to obtain for membrane proteins (van Iwaarden et al., 1991; SahinToth et al., 1994 ; J.G. Sur et al., 1997; Lambert et al., 2000a Lambert et al., ,b, 2001 Kohler et al., 2003; Murer et al., 2004) . In some studies, cysteine replacements were shown to affect the correct traffi cking or stability of the protein in the plasma membrane but there was no evidence that this effect implied breaking of a disulfi de bridge (J.G. Sur et al., 1997; Pajor et al., 1999; Tanaka et al., 2004) .
The effect of the reducing agent dithiothreitol (DTT) on Na + /glucose cotransport (probably via SGLT2) was explored in 1983 on rabbit renal outer cortical brush border membranes George, 1983, 1984) and the authors proposed that at least two disulfi de bridges were important for Pz binding. Unfortunately, no extensive mutagenesis study on the endogenous cysteine residues of SGLT1 (or SGLT2) has been published. However, a few observations suggest important roles for some cysteine residues in SGLT1 (Martin et al., 1996; Wright, 1998; Xia et al., 2003 Xia et al., , 2004 . The mutations C292Y or C355S in human SGLT1 produce the hereditary disease glucose-galactose malabsorption syndrome (Martin et al., 1996; Wright, 1998) . Cysteines in positions 560 and 608 (in rabbit SGLT1) have been proposed to form a disulfi de bridge in the purifi ed isolated loop between the last two transmembrane segments (Xia et al., 2003 (Xia et al., , 2004 . Recently, the mutations C351A and C361A have been shown to impair proper traffi cking to the plasma membrane that was, however, present in the double mutant (C351A/C361A) (Xia et al., 2005) . Finally, endogenous cysteine residues in SGLT1 have been shown to be insensitive to alkylation by NEM or MTS reagents, which suggests that they are either physically inaccessible or involved in disulfi de bridges Lo and Silverman, 1998a; Gagnon et al., 2005) .
The aim of the present study is to identify the cysteine residues involved in the functional effects caused by treating SGLT1 with DTT, using mutagenesis, electrophysiology, and fl uorescent labeling after expressing SGLT1 mutants in Xenopus oocytes. We mutated each endogenous cysteine residue individually into an alanine residue. Our results indicate that cysteine residues C255 and C511 form a disulfi de bridge in SGLT1, which explains the effect of DTT on SGLT1. To our knowledge, the identifi cation of this disulfi de bridge represents the fi rst three-dimensional constraint to the simple membrane topology proposed for SGLT1.
M AT E R I A L S A N D M E T H O D S

Molecular Biology
Mutant forms of SGLT1 were constructed using the human Na + / glucose cotransporter with an NH 2 -terminal myc epitope in expression vector pBS (pBS-myc-hSGLT1) (Bissonnette et al., 1999) . Site-directed mutations were created following the method of Fisher and Pei (1997) and were confi rmed by dideoxy DNA sequencing (Sheldon Biotechnology). QIAGEN mini-prep kits were used to extract DNA, and after EcoR1 digestion, the cDNA insert was transcribed in vitro using the T3 mMessage mMachine kit (Ambion).
Oocyte Preparation and Injection
Oocytes were surgically removed from Xenopus laevis frogs, dissected, and defolliculated as described previously (Bissonnette et al., 1999; Gagnon et al., 2004) . 1 d after defolliculation, oocytes were injected with 46 nl of mRNA solution (0.1 and 0.25 μg/μl for wt SGLT1 and mutants, respectively) in order to obtain maximal protein expression. Oocytes were maintained in Barth's solution (in mM: 90 NaCl, 3 KCl, 0.82 MgSO 4 , 0.41 CaCl 2 , 0.33 Ca(NO 3 ) 2 , 5 HEPES, pH 7.6) supplemented with 5% horse serum, 2.5 mM Na + -pyruvate, 100 U/ml penicillin, and 0.1 mg/ml streptomycin for 4-7 d before being used in an experiment.
Electrophysiology
The saline solution normally used in our electrophysiological experiments is composed of (in mM) 90 NaCl, 3 KCl, 0.82 MgCl 2, 0.74 CaCl 2, 10 HEPES, and the pH was adjusted to 7.6 with NaOH.
Two electrode voltage-clamp experiments were performed using an Oocyte Clamp OC-725 (Warner Instrument Corp.) and a data acquisition system (Digidata 1322A and Clampex 8.2; Axon Instruments Inc.). Current and voltage microelectrodes were fi lled with 1 M KCl and had a resistance of 2-5 MΩ. The bath current electrode was a Ag-AgCl pellet, and the reference electrode was a 1 M KCl agar bridge. The oocytes were clamped to a membrane potential of −50 mV, and three repetitions of membrane potential steps between +70 and −170 mV (by increments of 20 mV, 300 ms duration, no series resistance compensation used) were applied with an interval of 1.7 s between each step. Data was obtained with a sampling frequency of 10 kHz and the three repetitions were averaged for each experiment. DTT (Sigma-Aldrich) treatments were performed by exposing oocytes for 20-30 min at their resting potential to 2.5 mM DTT for steady-state measurements (α-methyl-glucose [αMG] affi nity measurements) or to 10 mM for presteady-state and Na + leak measurements. As the effects of DTT were rapidly reversible, DTT was also present in all experimental solutions after the initial treatment.
Data Analysis
Current versus membrane potential curves (I-V curves) were obtained by averaging the current data points at the end of each membrane potential step (between 150 and 300 ms, except for mutants in Group B [see below], which were measured between 250 and 300 ms). Determination of apparent affi nity for αMG (K m αMG ) was done as described before (Bissonnette et al., 1999) . Using the same pulse protocol, presteady-state current analysis (Q-V curves) was performed by subtracting the integrated baseline-corrected currents in phlorizin solution (200 μM) from similar currents in saline solution. In general, the correction for steady-state currents was done by removing the mean current measured between 50 and 80 ms after the initiation of a voltage pulse. This was done in order to minimize the contribution of slower time-dependent increases in measured current that were sometimes observed at extreme membrane potentials. For some mutated proteins that presented signifi cantly slower presteadystate currents, as compared with wt SGLT1 (Group B), the mean currents were taken at the end of the pulse (from 270 to 300 ms). A simple Boltzmann equation was fi tted to the Q-V curve to estimate V 1/2 (the voltage at which half of the charge is transferred), Q max (the amplitude of the total charge transferred), and z (the valence of the transferred charge) (Bissonnette et al., 1999) . The time constants were evaluated by fi tting a double exponential on the I transit (I saline − I Pz ) with the Clampfi t 8.2 program (Axon Instruments Inc.).
Modeling of Presteady-state Currents
The presteady-state current time constants and transferred charges were calculated using a four-state kinetic model that we have proposed in a previous publication (Chen et al., 1996) (see Appendices A and B and discussion for details). The numerical simulations were performed using Matlab 6.5.0 software (The Math Works Inc.). The transferred charges were analyzed by fi tting a Boltzmann curve to the calculated data in order to extract the V 1/2 and z parameters. The parameters of the model were adjusted by trial and error to obtain a satisfactory fi t to the measured V 1/2 and the slow time constants of the presteady-state currents.
Plasma Membrane Preparation of Oocytes and Western Blot Detection
Preparation of enriched plasma membrane fractions from oocytes and Western blot detection were performed as previously described (Bissonnette et al., 1999) . In brief, 20 oocytes were rinsed and then homogenized in 1.5 ml homogenization solution (50 mM mannitol, 2 mM Tris, 5 mM EGTA supplemented with a protease inhibitor cocktail [Sigma-Aldrich], pH 7.0). Three consecutive centrifugations were performed (2 × 10 min at 1,000 g and 1 × 20 min at 10,000 g, at 4°C), and the fi nal pellet was resuspended in 10 μl of homogenization solution. 10 μl of Laemmli solution was added and the samples were loaded onto SDS-polyacrylamide gels for electrophoresis. The quality of transfer onto nitrocellulose was verifi ed using Ponceau red staining. For Western blots, the membrane was blocked against nonspecifi c binding (5% fat milk in TBS, 1 h at room temperature) and then incubated with the primary antibody (anti-myc, 1:500 in blocking solution, overnight at 4°C). The membrane was washed, blocked again, and then incubated with the secondary antibody (HRPconjugated anti-mouse IgG, 1:1,000 in blocking solution) at room temperature for 1 h. After fi nal washing steps, blots were revealed by enhanced chemiluminescence detection (Phototope-HRP; New England Biolabs).
Fluorescence
Fluorescence measurements were done as previously described (Gagnon et al., 2005) . In brief, a 5-10 min fl uorescent labeling was performed on ice in a saline solution containing 20 μM tetramethylrhodamine-5-maleimide fl uorescent probe (TMR5M, Molecular Probes) at the oocyte's resting potential. Oocytes were preincubated 5-10 min on ice before the fl uorescent probe was added. Fluorescence intensity was read, at the animal pole, using excitation and emission fi lters (10 nm bandwidth) centered at 500 nm and 600 nm, respectively.
Statistics
Experiments were performed on at least three oocytes obtained from a minimum of two different donors. Data are reported as mean ± SEM (except when otherwise noted) and are compared using unpaired Student's t test; statistical signifi cance was set at P < 0.05.
R E S U LT S
DTT Effect on Wild-type SGLT1 Activity
We tested the effects of breaking disulfi de bridges with DTT on steady-state parameters (cotransport current due to the addition of 5 mM αMG [I cotr ], Na + leak current [I leak ], apparent affi nities for the sugar substrate [K m αMG ]) and on presteady-state currents (Q-V curves) of the wt human SGLT1. Prior to DTT treatment, our measurements were fully consistent with those previously published for human SGLT (Parent et al., 1992a,b; Loo et al., 1993; Chen et al., 1996; Hirayama et al., 1996; Bissonnette et al., 1999) . Fig. 1 illustrates the effects of DTT on steady-state parameters of wt SGLT1. The reducing treatment was found to decrease I leak (Fig. 1 B) as well as the apparent affi nities for αMG (panel C) without having any signifi cant effect on I cotr (panel A).
The effect of DTT treatment on the transferred charge curve, shown in Fig. 2 , demonstrates a clear cut shift of +25 mV (see Fig. 2 B) from a V 1/2 of −46 ± 3 mV under control conditions (n = 9) to −21 ± 1 mV in the presence of DTT (n = 6). As shown in Fig. 2 C, the effects of DTT on the presteady-state currents of wt SGLT1 are not only to shift the Q-V curve toward more positive potentials but also to accelerate the presteady-state current. Prior to the DTT treatment, the slow time constant of the presteady-state current is observed to plateau at 10 ms for all hyperpolarizing potentials, whereas in DTT the plateau is found around 4.5 ms. This effect requires ‫52-02ف‬ min to be complete, and is completely reversible when DTT is removed from bathing solutions (unpublished data). It is clear that the total charge transferred and the z parameter (related to the slope of the Q-V curve) are not affected by the reducing agent, which affects only the V 1/2 parameter and the time constant.
As the presteady-state currents are thought to originate from the movement of a charged portion of SGLT1 in the membrane electric fi eld and/or from the voltagedependent Na + binding step (Parent et al., 1992a,b) , we hypothesized that one or more disulfi de bridges were playing important roles in one or both of these steps. The presence of a disulfi de bridge can be assessed by mutating each endogenous cysteine residue, which would potentially remove a disulfi de bridge, and further tested by studying double mutants. If a cysteine residue plays an important functional role through a disulfi de bridge, mutating either of the two cysteines involved should produce equivalent effects. In addition, mutating a cysteine residue involved in a disulfi de bridge should not produce any effect if its partner cysteine has already been replaced (i.e., comparing a single with a double cysteine mutant).
Molecular Biology and Expression of Mutants SGLT1s
Fig . 3 illustrates the position of the 15 endogenous cysteine residues present in the human Na + /glucose cotransporter using a modifi ed topologic model (Gagnon et al., 2005 ) based on the model originally proposed by Turk et al. (1996) . Mutants were tested using two microelectrode electrophysiology. We fi rst tested the three basic electrophysiological characteristics: I cotr (current due to the addition of 5 mM αMG), I leak (currents in the saline solution minus the currents measured in the presence of 200 μM Pz), and the charge transferred (Q-V).
Of the 15 single mutants generated, only three were nonfunctional: C351A, C355A, and C361A. These mutants displayed no presteady-state currents, no I leak and no I cotr . The possibility that the sugar affi nity could have been vastly decreased was investigated by applying 100 mM αMG to these mutants but still no cotransport currents could be detected (n = 3). Through Western blot detection against plasma membrane enriched subcellular fractions of oocytes expressing these mutant proteins, SGLT1 expression could be detected for C351A and C361A but not for mutant C355A (Fig. 4) . In a few experiments, a very weak band could be observed for C355A, indicating that the protein was poorly translated or generated an unstable product. As preparations enriched in plasma membranes may also contain intracellular membranes, the three inactive mutants may have been trapped in some intracellular compartments or may be present at the plasma membrane but inactive. the Q-V curve; Group B, which had a shift toward negative potentials; and Group C, which had a shift toward positive potential. These shifts are compared with V 1/2 of the wt SGLT1, which averaged −46 ± 3 mV. Figs. 5-7 illustrate, for each of the three groups of mutants, the amplitude of the αMG cotransport current (I cotr ), the Na + leak current (I leak ) at −110 mV (panel A), the Pzsensitive presteady-state currents (I saline − I Pz ) for a selection of membrane potentials ranging from +70 to −170 mV (panel B), and the values of the measured V 1/2 (panel C) for presteady-state currents, i.e., the voltage for which the mobile charge is equally balanced between inward-facing and outward-facing confi gurations.
Mutants C317A, C345A, C517A, and C659A form Group A (Fig. 5) . Aside from mutant C345A, which has a very low expression level (I cotr of −107 ± 39 nA, I leak of −13 ± 5 nA, and Q max of 2.66 ± 0.09 nC, n = 4, see Fig. 4 for the detection of C345A in Western blots), the expression levels of mutants C317A, C517A, and C659A were comparable to that normally reached by wt SGLT1. Based on analysis of their presteady-state currents, the 12 functional mutants could be separated into three categories: Group A, which exhibited no signifi cant shift of Table I. The V 1/2 of these four mutants ranged between −40 and −56 mV and, aside from the V 1/2 for mutant C659A, were not signifi cantly different from the V 1/2 for wt SGLT1. Mutant C659A had a V 1/2 of −56 ± 2 mV (n = 5) and was barely more negative than that of wt SGLT1 (P = 0.011), but because of the small difference and the considerable variability normally observed within a series of measurements of V 1/2 , mutant C659A was classifi ed into Group A.
Group B (Fig. 6 ) is composed of single mutants that have a V 1/2 shifted toward negative membrane potentials as compared with that of wt SGLT1. The V 1/2 values for mutants C292A, C301A, C314A, C522A, C560A, and C610A were measured at −84 ± 4 (n = 7), −81 ± 2 (n = 6), −66 ± 2 (n = 7), −67 ± 4 (n = 7), −75 ± 3 (n = 6) and −121 ± 6 (n = 6) mV, respectively. As observed for three of the Group A mutants, mutants C301A, C314A, and C610A display I cotr and I leak values quite comparable to those for wt SGLT1. Mutants C522A and C560A were both characterized by a reduced I cotr (−174 ± 29 nA and −307 ± 43 nA, respectively), which might be caused by a low expression level as their Q max (2.7 ± 0.2 and 9.2 ± 0.5 nC, respectively) values were also reduced with respect to that for wt SGLT1 (Q max wt = 25 ± 5 nC). Cotransport through the last mutant in Group B, C292A, appears to be severely perturbed since its I cotr is only 20% of the wt I cotr but its I leak is twice as large. As shown in Fig. 6 B, the leak current of C292A becomes larger than its cotransport current at potentials more negative than −90 mV. As the reduced I cotr seen for C292A, C522A, and C560A could be due to a large decrease in sugar affi nity, the K m αMG of these mutants were measured. They were found to be even smaller than that for wt SGLT1 (in mM: 0.27 ± 0.01 for C292A, 0.71 ± 0.06 for C522A, 0.38 ± 0.1 for C560A, and 0.97 ± 0.1 mM for wt SGLT1). We tested the effect of DTT on mutants C560A and C610A, and their V 1/2 was also shifted by approximately +25 mV for mutant C560A and about +45 mV for C610A, indicating that these two cysteines were not responsible for the observed effect of DTT on V 1/2 of wt SGLT1. Western blot analysis of some selected mutants, compared with wt SGLT1, detected with an anti-myc antibody. Extracts enriched in plasma membrane were purifi ed from noninjected oocytes (A), wt SGLT1-injected oocytes (B), and mutants C345A (C), C351A (D), C355A (E), and C361A (F) and double mutant C 522,560 A (G) and were loaded onto a polyacrylamide gel (equivalent to membranes from 20 oocytes), and protein equivalencies were confi rmed by Ponceau Red staining. Molecular standard masses are indicated on the left (in kD) (New England Biolabs). Finally, the two remaining mutants, C255A and C511A, comprise Group C. As shown in Fig. 7 A, these mutants share the characteristics of wt SGLT1 in the presence of DTT, such as a reduced I leak . The V 1/2 of mutant C255A was −24 ± 2 mV (n = 8) and −27 ± 2 mV (n = 4) for C511A, which is not signifi cantly different from the V 1/2 of wt SGLT1 in the presence of DTT (−21 ± 1 mV, n = 6). The two mutants were insensitive to DTT treatment with respect to V 1/2 (no further shift) and I leak (remained identical to the I leak observed before DTT treatment). The time constants, shown in Fig. 7 D , are characterized by their plateau value at ‫5.4ف‬ ms. These values are remarkably similar to the time constants characterizing wt SGLT1 exposed to DTT (see Fig. 2 C) .
αMG Affi nities of Certain Mutants
Other functional characteristics can be used to help identify cysteine residues involved in disulfi de bridges. Echoing Fig. 1 C, Fig. 8 shows that the DTT increased the K m αMG of wt SGLT1 from 0.97 ± 0.1 mM to 1.6 ± 0.1 mM (as measured at −150 mV). Interestingly, the two mutants of Group C (C255A and C511A) have K m αMG values very similar to that of DTT-treated wt SGLT1 (in mM: 1.5 ± 0.1 for C255A and 1.6 ± 0.2 for C511A).
Identifi cation of Pairs of Cysteine Residues Possibly Forming a Disulfi de Bridge
The data shown in Figs. 6 and 7 already suggest specifi c pairs of cysteine residues that could be involved in disulfi de bridges. The most obvious pair is from Group C where replacing C255 and C511 generate functional effects that closely mimic the effect of DTT. This is true for the positive shift in V 1/2 , the acceleration of the presteady-state currents and the reduced proportion between I leak and I cotr . Within Group B, the identifi cation of interesting cysteine residues pairs is less straightforward. Mutants C314A, C522A, and C560A had very similar V 1/2 values. Of these three mutants, C522A and C560A also exhibited similar reduction in levels of expression. Consequently, double mutants were produced involving the pairs of amino acids residues 314,560 and 522,560. The pair 560,610 was also studied because these two cysteines have previously been postulated to form a disulfi de bridge in an isolated loop in rabbit SGLT1 (Xia et al., 2003 (Xia et al., , 2004 and this hypothesis had not yet been tested using the complete and functional protein. We also studied other pairs of mutants under the assumption that C610 could be forming a disulfi de bridge with a different partner than the one proposed by Xia et al. (2003 Xia et al. ( , 2004 ). The most logical partners (292 and 301) were the cysteines that had the most important shift in V 1/2 as compared with wt SGLT1.
Double Mutants
In creating double mutants to check for the presence of a disulfi de bridge, we sought instances where the effect of a single cysteine replacement on a given parameter would vanish if its partner cysteine residue had already been replaced. Six double mutants were generated. Unfortunately, the double mutant C 522,560 A was not functional even though it was present as observed by Western blot (Fig. 4, lane G) . The other double mutants (C 255,511 A, C 314,560 A, C 560,610 A, C 292,610 A, and C 301,610 A) were functional and the amplitude of their αMG cotransport currents (I cotr ) and Na + leak currents (I leak ) at −110 mV (Fig. 9 A) , as well as their V 1/2 values (Fig. 9 C) were compared with those of wt SGLT1. (The name of double mutants was shortened for clarity in fi gures. For example, the symbol C 255,511 A means that the cysteines in positions 255 and 511 were both mutated into an alanine residue.)
In two cases, the effects of each mutations on V 1/2 were roughly additive. This is the case of C 292,610 A and C 301,610 A. Analysis of Fig. 9 C indicates that mutating C610 to an alanine residue produces a powerful negative shift in V 1/2 by ‫57ف‬ mV independent of the presence of C292 or C301. The double mutant C 292,610 A retains the large I leak of the individual, single mutants while the I cotr is completely abolished for 5 mM αMG C610 only produces a shift of V 1/2 by 50 mV. To put it another way, the single C560A mutation produced a shift of V 1/2 by −30 mV when compared with wt SGLT1 but the effect of the double mutant is only −6 mV when compared with the single mutant C610A. A qualitatively similar comparison can be done with mutations C314A and C560A. The effect of introducing either mutation is signifi cantly reduced when they are performed after the other cysteine residue has been replaced. In these two cases (C 560,610 A and C 314,560 A), other parameters have to be considered before suggesting the presence of disulfi de bridges. Fig. 6 A shows that replacing C560 produces a reduction of I cotr by 63% while the I cotr reached with C314A and C610A are equal or larger than the wt level. It appears that the effect of C560 replacement on the activity level is conserved when it is performed alongside alanine substitution of C314 or of C610 (80% and 75% reduction with respect to C314A and C610A, respectively, see Fig. 6 A and Fig. 9 A) . This is not what would be expected if the effect of C560 replacement Fig 7) . (n = 5). The curve represents the time constants evaluated with a four-state model of presteady-state currents with parameters described in Table I . Errors are SEM. (Fig. 9 B) and no current could be induced by the addition of either 25 or 100 mM αMG (not depicted). In contrast, when C560 is mutated to an alanine, replacing was due to the disruption of disulfi de bridges with C314 or C610. Finally, the double mutant C 255,511 A had an activity level (Fig. 9 A) , a time constant for presteady-state currents (Fig. 9 D) , and a V 1/2 (Fig. 9 C) similar to the simple mutants C255A and C511A. With respect to the effect on V 1/2 , it is clear that the effect of introducing either of the single mutants (a shift by +20 mV) is lost when the other cysteine residue has already been replaced (compare the effect of C 255,511 A to the effect of each of the single mutants in Fig. 9 C) . Moreover, C255A, C511A, and C 255,511 A are insensitive to DTT as their V 1/2 values remain unchanged by treatment with 10 mM DTT (Fig. 7 C for simple mutant, not shown for C 255,511 A). The presence of a disulfi de bridge between C255 and C511 is also supported by the observation that, in the double mutant, K m αMG was the same as that for each of the simple mutants C255A and C511A, which is also very similar to that of wt SGLT1 in the presence of DTT (see Fig. 8 ).
Fluorescent Labeling of C255 and C511
To complement studies examining the function of SGLT1 mutants and to further test the hypothesis that C255 and C511 could form a disulfi de bridge, we used fl uorescent labeling as an independent test of available cysteine residues in the mutant proteins. We incubated the C255A-and C511A-expressing oocytes with saline solution containing the fl uorescent probe tetramethylrhodamine-5-maleimide (TMR5M, see MATERIALS AND METHODS). Fig. 10 shows the fl uorescent signal of labeled oocytes expressing mutant C511A (TMR5M putatively attached to C255) and of mutant C255A (TMR5M putatively attached to C511) as compared with wt SGLT1 and to the double mutant C 255,511 A in which no cysteine appears to be available for labeling. This indicates that the two simple mutations (C255A and C511A) allow the fl uorescent probe to access a cysteine that is not accessible in the double mutant (C 255,511 A) or in wt SGLT1 and strongly supports the hypothesis of a disulfi de bridge between these two cysteine residues in SGLT1.
D I S C U S S I O N
In SGLT1 only 5 of the 15 endogenous cysteine residues are located in putative transmembrane segments (TMS VII, VIII, and XIV), with the majority located in extracellular loops (loop 6-7, loop 8-9, loop 12-13) and in the special, putatively reentrant loop 13-14 (Lin et al., 1999; Gagnon et al., 2005) . Eight of these cysteine residues (C255, C292, C345, C351, C355, C361, C511, and C610) are conserved amongst SGLT1, SGLT2, SGLT3, SMIT1, and SMIT2. Amongst those, C351 is conserved across nearly the entire SLC5 family. Some other residues are conserved among the SGLT1, 2, and 3 isoforms (C301, C314, C317, C517, C522, and C560). In contrast, C659 is present only within the SGLT1 isoforms. This high degree of cysteine conservation suggests that they may play a role either in a specifi c function or in the general structure (or both) of the Na + -coupled cotransporters of SLC5 family. It has been shown before that wt SGLT1 is not sensitive to alkylation (NEM nor MTS reagents) Lo and Silverman, 1998a; Gagnon et al., 2005) . This means that these reagents can bind to some cysteine residues without producing any functional effect or, alternatively, that no cysteine residues are available to these reagents because the residues are buried in the membrane, involved in disulfi de bridges or inaccessible to the solvent. The fact that the degree of fl uorescent labeling of wt SGLT1 with TMR5M is identical to the basal fl uorescent labeling obtained with noninjected oocytes supports the latter possibility. Although the roles of the endogenous cysteine residues in SGLT1 have never been studied in detail, a few reports have suggested important roles for, at least, some of them in protein traffi cking (Martin et al., 1996; Wright, 1998; Xia et al., 2003 Xia et al., , 2004 . Presteady-state currents involving SGLT1 can be observed in the absence of glucose. They were fi rst observed shortly after the cloning of SGLT1 which, through expression in Xenopus oocytes, enabled its precise characterization using the two microelectrode voltage-clamp technique (Umbach et al., 1990; Parent et al., 1992a,b) . The model proposed by Parent et al. (1992a,b) was revisited using the cut-open oocyte technique, providing the observation of a faster component of presteady-state currents (Chen et al., 1996) . A slower time constant was also postulated recently (Krofchick and Silverman, 2003; Loo et al., 2005) . As illustrated in Fig. 11 , presteady-state currents arise from the voltage-dependent empty carrier translocation (C 1 ↔C 2 ↔ C 3 ) and from voltage-dependent Na + binding-debinding (C 3 ↔C 4 (Na + )). Integration of these currents corresponds to the quantity of transferred charge that can be approximated (as a function of membrane potential) by a Boltzmann equation. Two parameters of presteadystate currents were examined to compare normal and mutant SGLT1: V 1/2, the voltage at which half of the charge is transferred and the ‫01ف‬ ms time constant (described by Loo et al., 1993; Chen et al., 1996) arising from the modulated transition between C 1 to C 4 (Na + ). The faster time constant could not be accurately resolved by two-microelectrode voltage-clamp.
DTT Effect on wt SGLT1 Activity
We report in the present study the sensitivity of SGLT1 steady-state and presteady-state currents to a reducing agent, DTT, which is assumed to break all disulfi de bridges even if they are buried within the membrane (Cleland, 1964) . The steady-state parameters (I leak and I cotr ) were not similarly affected by DTT exposure: I leak was reduced whereas I cotr was not affected at all. The K m αMG was increased by 60% without any change in its voltage dependence (Fig. 1 C) . According to the current model (see below), these effects are consistent with a shift in the conformational equilibrium toward an outward facing confi guration of the transporter. As the affi nity for sugar depends on a large number of parameters, it is diffi cult at this point to propose any specifi c change produced by DTT in the transporter mechanism to explain the rise of K m αMG . In contrast, presteadystate currents were greatly affected by DTT as the Q-V curve was shifted by +25 mV (Fig. 2 B) and the time constants were accelerated (Fig. 2 C) . Compared with a parameter such as K m Nα+ , the V 1/2 of the Q-V curve depends on a smaller set of rate constants and was therefore chosen as our principal criterion for classifying the mutated forms of SGLT1 for identifying the disulfi de bridge(s) responsible for the effects of DTT.
Nonfunctional Mutants
Mutants C351A, C355A, and C361A, located in the extracellular loop between TMS VIII and IX, and the double mutant C 522,560 A were nonfunctional: they exhibited no presteady-state currents, no I leak nor I cotr (5 mM αMG or 100 mM αMG, unpublished data). However, we could detect the presence of SGLT1 on Western blots using preparations enriched in plasma membranes. As mutants C351A and C361A were shown not to be traffi cked to the plasma membrane (Xia et al., 2005) , we suggest that these mutants are also retained within intracellular compartments and confi rm that C351 and C361 are important in the correct traffi cking to the plasma membrane.
Expression of Single Mutants
The characteristics of the single mutants presented in this study suggest that endogenous cysteine residues in SGLT1 are involved in important aspects of protein function: proper traffi cking to the plasma membrane (as suggested by the nonfunctional mutants and by some weakly expressed mutants) and maintaining the voltage sensor in either the inward or outward confi gurations (as suggested by mutants in Group B and C). Only three cysteines could be removed without any prominent effect on the function of the transporter (C317A in TMS 8, C517A in loop 12-13, and C659A in the last TMS). These results are similar to those obtained with other cotransporters, which also suggested a role for endogenous cysteines in the proper traffi cking of proteins to the plasma membrane (J.G. Sur et al., 1997; Pajor et al., 1999; Tanaka et al., 2004) . However, none of the endogenous cysteines previously studied in other cotransporters has been reported to play a role in presteady-state currents. The fi rst round of mutation identifi ed C255 and C511 as being potentially involved in a disulfi de bridge.
Expression of Double Mutants
To identify a disulfi de bridge, the mutants of Group A were discarded because the V 1/2 of their Q-V curve was not signifi cantly different from that of wt SGLT1 under control conditions. Then mutants whose V 1/2 was affected were classifi ed into two categories: those with Figure 11 . Kinetic model of the Na + /glucose cotransporter states for the estimation of presteady-state currents. The model was previously described in Chen et al. (1996) . See Appendices A and B for details.
Q-V curves shifted toward negative potentials (Group B) and those which were shifted toward positive potentials (Group C).
As a fi rst observation, all mutants in Group B display distinctly different characteristics, except for C522A and C560A, which were indistinguishable in terms of V 1/2 , I cotr , and I leak . However, the double mutant C 522,560 A did not generate any cotransport activity. As both C522A and C560A presented reduced activity in terms of I cotr and I leak (20-30% of wt SGLT1), the absence of functional activity for the double mutant could be interpreted as though the effects of the two mutations were additive. This is not what would be expected if C522 and C560 were linked through a disulfi de bridge.
The additive effect can also be seen with other mutants; for instance, the mutant C 314,560 A displays half the I cotr seen with the single mutant C314A while the I leak and the V 1/2 remain normal, similar to the effects of the single mutant C560A. This reduced I cotr also occurred in the double mutant C 560,610 A. This was the fi rst double mutant produced in this study because these two cysteines have been postulated to be involved in a disulfi de bridge in an isolated loop in rabbit SGLT1 (Xia et al., 2003 (Xia et al., , 2004 . Our results do not support this hypothesis as the V 1/2 associated with the double mutant seems to be controlled by the C610A mutation while the activity level seems to be controlled by the C560A mutation. Moreover, the Q-V curves of these two mutants are still shifted toward positive potential by DTT, similarly to wt SGLT1.
The double mutant C 292,610 A is very interesting since it has no αMG cotransport whereas its I leak is as large as those of the singly mutated forms of SGLT1. The absence of I cotr was not due to a simple decrease of αMG affi nity for its binding site since the K m αMG values for the single mutants were similarly low (0.27 ± 0.01 mM for C292A and 0.28 ± 0.02 mM for C610A). Interestingly, Pz still inhibits the I leak and presteady-state currents. We cannot state that these cysteines form a disulfi de bridge because of the effects observed with the double mutant. However, it suggests that these two cysteines, together, somehow play a role in coupling Na + and glucose transport.
Disulfi de Bridge between C255 and C511
To date, intramolecular disulfi de bridges have been identifi ed for only a few transporters. The endogenous cysteine residues of Na + /Pi cotransporter type IIa have been studied in detail using mutagenesis, Western blot, and by examining the effects of the reagents TCEP and MTS on transport (Lambert et al., 2000; Kohler et al., 2003) ; an essential disulfi de bridge between two cysteines, which are located in the same extracellular loop, has been identifi ed and another was postulated. These are responsible for the TCEP (another reducing agent) sensitivity of the transporter. The serotonin transporter (SERT) contains 16 endogenous cysteines of which three are conserved throughout the NaCl-coupled neurotransmitter transporter family Sur et al., 1997) . Characterization of the transport properties of SERT mutants have identifi ed functionally important cysteines as well as a disulfi de bridge between two conserved cysteines, also located on the same extracellular loop.
The similarity of the V 1/2 values of the mutants in Group C (C255A and C511A, located in extracellular loops 6-7 and 12-13, respectively) with that of reduced wt SGLT1 is remarkable (Fig. 2 D, Fig. 7 D, and Fig.  9 D) . It suggests that these two cysteines are, in fact, covalently bound by a disulfi de bridge and that its breakage affects the V 1/2 . The V 1/2 of both of these mutants are also DTT insensitive. The double mutant C 255,511 A supports this hypothesis as its V 1/2 is the same as those of the simple mutants, and it is also insensitive to DTT. As another functional test, we measured the apparent affi nity for αMG for these mutants. The three mutants C255A, C511A, and C 255,511 A also exhibit a K m αMG value similar to that of wt SGLT1 under reducing conditions. We showed that SGLT1 (when C511 had been mutated into alanine or when C255 had been mutated into alanine) could be labeled by a fl uorescent probe and that, in the absence of both cysteines (in mutant C 255,511 A), no labeling could be achieved (Fig. 10) . Taken together, these results strongly support the disulfi de bridge hypothesis. We also demonstrated that the disruption of the bridge affects the function of the protein, changing the equilibrium voltage for the proposed negatively charged binding site (V 1/2 ) and thus affecting the Na + current in the absence of glucose (I leak ) and the apparent affi nity for glucose (K m αMG ).
Kinetic Model of Presteady-state Currents
The simple four-state kinetic model proposed by Chen et al. (1996) and illustrated in Fig. 11 (see also Table I for k ij values and for deduced V 1/2 ), was used to model the time constants and transferred charges. Chen et al. (1996) were slightly modifi ed to fi t wt SGLT1 time constant and Q-V curves obtained in double microelectrode electrophysiology. The values of z i used for the equivalent charge moving across the entire membrane electrical fi eld in the step between state "i" and "i+1" were −0.4, −0.35, −0.6, and 0, while the values for α i describing the asymmetry of the energy barrier were 0.3, 0, 0.4, and 0 for i going from 1 to 4, respectively. If it is assumed that one negative charge is attached to the binding site moving in the membrane electrical fi eld, these values of z i would indicate that the charge is crossing 40% of the electrical fi eld in the reaction linking C 1 to C 2 and 35% between C 2 and C 3 . In the Na + binding reaction, the equivalent of one positive charge would cross 60% of the membrane electrical fi eld. This could be due to the movement of Na + , the movement of the negative charge attached to the binding site, or a combination of both. The set of proposed rate constants for wt SGLT1 in Table I would lead to occupancy probability (C i ) of 0.07, 0.31, 0.31, and 0.31 (from i = 1 to 4) at −50 mV. We thus achieve a V 1/2 of −39 mV for Q-V curve with satisfying time constants as a function of V m for wt SGLT1. To obtain the one of wt SGLT1 in the presence of DTT, we had to increase k 230 by a factor 2.3 to account for the faster time constants observed for the presteady-state current at hyperpolarizing potentials. This sole change affected both the plateau of the time constants at hyperpolarizing potential and the V 1/2 , reaching −20 mV, without any change in the apparent valence of the Boltzmann curve (unpublished data), which is in agreement with the observations. These changes also correctly fi t to the mutants characteristics.
Even though this disulfi de bridge is not essential for the function of SGLT1, since removing it did not prevent the transporter from being functional at the plasma membrane, it greatly infl uenced the equilibrium position of transferred charges. The disulfi de bridge described in other transporters has had no such important role.
Conclusion
With the presence of 15 endogenous cysteine residues in SGLT1, 105 different combinations exist for creating a disulfi de bridge. In the present study, we have presented an approach that allows one to positively identify a specifi c disulfi de bridge without having to test all of the possibilities. Our results suggest important roles for cysteine in SGLT1: proper traffi cking to the plasma membrane and maintenance of the voltage sensing part of the protein in the inward or outward facing confi guration. We also identifi ed a functionally important disulfi de bridge, between C255 and C511 of human SGLT1, which is responsible for the effects of DTT on the transferred charges of wt SGLT1, and which affects the voltage-independent conformation change from state C 2 to C 3 . The identifi cation of a disulfi de bridge in SGLT1 (and possibly in SGLT2 and 3 and in SMIT1 and 2 where these residues are conserved) provides a direct, threedimensional constraint to the structure of the transporter and to the organization of some transmembrane segments. If amino acids 255 and 511 are closer than 2.05 Å from each other (Loerger, 2005) , it indicates that TMS VI and VII are close to TMS XI, XII, and XIII. To our knowledge, this is the fi rst direct experimental evidence of a physical constraint between two distant amino acid positions in SGLT1.
where C i represents the probability of occupation of state i in the model (see Fig. 11 ), but to conserve the total probability of transporters at unity, C 1 is calculated as followed:
We set the charge to be zero at extreme hyperpolarizing potentials (as C 4 = 1 and C 3 = C 2 = C 1 = 0) by use of the following equation: 
